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(57) ABSTRACT

The X-ray diftraction apparatus irradiates a sample with an
X-ray and performs frame photographing in each X-ray dif-
fraction angle, and includes a control section (141) control-
ling the frame photographing by scanning without closing a
shutter, a data acquisition section (142) acquiring detection
data of each frame which has been detected by a semiconduc-
tor pixel detector in the frame photographing, a frame inte-
gration section (146) integrating the detection data which has
been acquired in each scanning for each frame, and a deter-
mination section (147) determining whether the integrated
detection data has a sufficient intensity or not, and the control
section (141) controls so as to finish measurement when the
integrated detection data has a sufficient intensity and so as to
perform the scanning again when the integrated detection
data does not have a sufficient intensity.
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1
X-RAY DIFFRACTION APPARATUS, X-RAY
DIFFRACTION MEASURING METHOD, AND
CONTROL PROGRAM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an X-ray diffraction appa-
ratus which irradiates a sample with an X-ray and performs
frame photographing in each angle range, an X-ray diffrac-
tion measuring method, and a control program.

2. Description of the Related Art

In the frame photographing for X-ray single crystal struc-
ture analysis, it is necessary to set an X-ray exposure time for
one frame. This exposure time needs to be adjusted by a user
according to sample crystalline property, X-ray source
strength, and detector sensitivity. Conventionally, a user set
the exposure time with reference to a default exposure time
set on software or according to his experience, and controlled
an apparatus to measure a diffracted X-ray. If the exposure
time is short, sufficient diffraction intensity is not obtained,
and therefore the analysis result is degraded and the measure-
ment is performed again in this case. On the other hand, if the
exposure time is unnecessarily long, the time required for the
measurement becomes long.

Further, in a CCD or an IP detector which is used in such
diffracted X-ray measurement, it is necessary to control open
and close of a shutter for the frame exposure, and shutter-less
measurement which makes the shutter control unnecessary
cannot be realized. FIG. 10 is a diagram showing a conven-
tional measurement sequence for one frame. In the example
shown in FIG. 10, shutter control, goniometer control, CCD
detection, and CCD read-out are performed in the order from
(1) to (8). Then, overhead times are generated before and after
the frame photographing for the shutter open and close opera-
tion.

In a semiconductor pixel detector, however, since the read-
out time is less than several milliseconds for each frame, it has
become possible to carry out continuous scan measurement
while keeping the shutter open and to obtain a frame in
synchronization with a goniometer. For example, each of
non-patent documents 1 to 3 describes a semiconductor pixel
detector which can obtain diffraction data in a continuous
mode without opening and closing the shutter for each frame.
In this semiconductor pixel detector, when crystal rotation
starts, electronic control of the detector is used as a shutter and
an image is recorded continuously, and therefore synchroni-
zation of opening and closing in the mechanical shutter is not
necessary. By using the semiconductor pixel detector in this
manner, it becomes possible to perform the shutter-less mea-
surement which makes the shutter control unnecessary.

NON-PATENT DOCUMENT

Non-patent document 1: Kazuya Hasegawa, Kunio Hirata,
Tetsuya Shimizu, Nobutaka Shimizu, Takaaki Hikima,
Seiki Baba, Takeshi Kumasaka, and Masaki Yamamoto,
“Development of a shutterless continuous rotation method
using an X-ray CMOS detector for protein crystallogra-
phy”, International Union of Crystallography, Great Brit-
ain, Journal of Applied Crystallography, 14 Oct. 2009,
Volume 42, p. 1165-1175

Non-patent document 2: Gregor Hulsen, Christian Broenni-
mann, Eric F. Eikenberry and Armin Wagner “Protein crys-
tallography with a novel large-area pixel detector”, Inter-
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national Union of Crystallography, Great Britain, Journal
of Applied Crystallography, 5 May 2006, Volume 39, p.
550-557

Non-patent document 3: Ch. Broennimann, E. F. Eikenberry,
B. Henrich, R. Horisberger, G. Huelsen, E. Pohl, B.
Schmitt, C. Schulze-Briese, M. Suzuki, T. Tomizaki, H.
Toyokawa and A. Wagner “The PILATUS 1M detector”,
International Union of Crystallography, Great Britain,
Journal of Synchrotron Radiation, 22 Nov. 2005, Volume
13, p. 120-130

Non-patent document 4: Shigeru Kosaki “Automatic Search
Match of X-ray Diffraction Data” Progress of X-ray Analy-
sis 13, Japan, Kagaku Gijutsu-Sha, 20 Nov. 1981, p. 47

PATENT DOCUMENT

Patent document 1: Japanese Patent Application Laid-Open
Publication No. 2003-75373
Patent document 2: Japanese Patent Application Laid-Open
Publication No. 08-338818
Patent document 3: Japanese Patent Application Laid-Open
Publication No. 2003-149180
In the end, however, when a user sets the exposure time to
measure the diffracted X-ray as described above and obtained
diffraction intensity is not sufficient, the measurement needs
to be performed again from the start. FIG. 11 is a flowchart
showing the operation of a conventional apparatus. As shown
in FIG. 11, when the diffraction intensity is not sufficient even
after the scanning has been finished, re-measurement is
repeated. Although, in order to avoid such a situation and to
perform the measurement efficiently, the exposure time needs
to be set first to be suitable for the diffraction intensity, such
handling is extremely difficult.

SUMMARY OF THE INVENTION

The present invention has been achieved in view of such a
situation and aims to provide an X-ray diffraction apparatus,
an X-ray diffraction measuring method, and an control pro-
gram, which can reduce the total exposure time and improve
efficiency of the measurement.

(1) For achieving the above object, an X-ray diffraction
apparatus of the present invention is an X-ray diffraction
apparatus which irradiates a sample with an X-ray and per-
forms frame photographing in each angle range, and includes
a control section controlling the frame photographing by
scanning without closing a shutter, a data acquisition section
acquiring detection data of each frame which has been
detected by a semiconductor pixel detector in the frame pho-
tographing, a frame integration section integrating the detec-
tion data acquired in each the scanning for each frame, and a
determination section determining whether the integrated
detection data has a sufficient intensity or not, wherein the
control section controls so as to finish measurement when the
integrated detection data has a sufficient intensity and so as to
perform scanning again when the integrated detection data
does not have a sufficient intensity.

In this manner, the X-ray diffraction apparatus of the
present invention performs the scanning without closing the
shutter, integrates the data without scanning again from the
start, finishes the measurement when the integrated detection
data has a sufficient intensity, and otherwise performs the
frame photographing again to integrate the detected data.
Thereby, it is possible to reduce the total exposure time and to
improve efficiency of the measurement.

(2) Moreover, the X-ray diffraction apparatus of the
present invention further includes an exposure time calcula-
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tion section calculating a necessary total exposure time and an
exposure time in the next and succeeding scanning according
to the acquired detection data, after the scanning has been
performed for the first time, wherein the control section con-
trols the next and succeeding scanning using the calculated
exposure time. Thereby, it is possible to optimize the expo-
sure time and to measure the intensity of the detection data
necessary for analysis in a minimum time.

(3) Moreover, in the X-ray diffraction apparatus of the
present invention, the frame integration section corrects the
acquired detection data at each pixel in each frame, multiplies
the corrected detection data with a predetermined coefficient,
and integrates the multiplied value after rounding-off.
Thereby, it is possible to reduce an error which propagates
through calculation process of the detection data.

(4) Moreover, the X-ray diffraction apparatus of the
present invention further includes a coefficient calculation
section calculating the predetermined coefficient according
to the acquired detection data, after the scanning has been
performed for the first time. Thereby, itis possible to calculate
an optimal coefficient first for reducing the error.

(5) An X-ray diffraction measuring method of the present
invention is an X-ray diffraction measuring method which
irradiates a sample with an X-ray and performs frame photo-
graphing in each angle range, and includes the steps of con-
trolling the frame photographing by scanning without closing
a shutter, acquiring detection data of each frame which has
been detected by a semiconductor pixel detector in the frame
photographing, correcting the detection data acquired in each
the scanning at each pixel and integrating the corrected detec-
tion data for each frame, determining whether the integrated
detection data has a sufficient intensity or not, and controlling
so as to finish measurement when the integrated detection
data has a sufficient intensity and so as to perform the scan-
ning again when the integrated detection data does not have a
sufficient intensity. Thereby, it becomes possible to optimize
the exposure time and to perform highly efficient photograph-
ing.

(6) A control program of the present invention is a control
program which irradiates a sample with an X-ray and controls
X-ray diffraction measurement using data obtained by frame
photographing in each angle range, and causes a computer to
execute processing including controlling the frame photo-
graphing by scanning without closing a shutter, acquiring
detection data of each frame which has been detected by a
semiconductor pixel detector in the frame photographing,
correcting the detection data acquired in each the scanning at
each pixel and integrating the corrected detection data for
each frame, determining whether the integrated detection
data has a sufficient intensity or not, and performing control
so as to finish measurement when the integrated detection
data has a sufficient intensity and so as to perform the scan-
ning again when the integrated detection data does not have a
sufficient intensity. Thereby, it becomes possible to optimize
the exposure time and to perform highly efficient photograph-
ing.

According to the present invention, the X-ray diffraction
apparatus performs scanning without closing a shutter, inte-
grates data without the scanning again from the start, and
finishes the measurement when the integrated detection data
has a sufficient intensity and otherwise performs frame pho-
tographing again to integrate the detection data. As a result, it
is possible to reduce the total exposure time and to improve
efficiency of the measurement.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram showing a schematic configuration of
an X-ray diffraction apparatus of the present invention.
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FIG. 2 is a perspective view showing a measurement sys-
tem of the present invention.

FIG. 3 is a flowchart showing operation of an X-ray dif-
fraction apparatus according to a first embodiment.

FIG. 4 is a diagram showing a measurement sequence for
several frames in the present invention.

FIG. 5 is a diagram showing an example of a measurement
sequence up to the n-th scanning.

FIG. 6 is a flowchart showing operation of an X-ray dif-
fraction apparatus according to a second embodiment.

FIG. 7 is a diagram showing a detection data average value,
R1, Rmerge, and R with respect to a coefficient n for an
exposure time of 16 sec.

FIG. 8 is a diagram showing a detection data average value,
R1, Rmerge, and R with respect to a coefficient n for an
exposure time of 8 sec.

FIG. 9 is a table showing a relationship between an expo-
sure time and R and the like.

FIG. 101is a diagram showing a conventional measurement
sequence for one frame.

FIG. 11 is a flowchart showing operation of a conventional
apparatus.

DETAILED DESCRIPTION OF THE INVENTION

Next, embodiments of the present invention will be
explained with reference to the drawings. For easy under-
standing of the explanation, the same constituent is provided
with the same reference numeral in each of the drawings and
duplicated explanation will be omitted.

First Embodiment
Configuration of an X-Ray Diffraction Apparatus

FIG. 1 is a diagram showing a schematic configuration of
an X-ray diffraction apparatus 100. Further, FIG. 2 is a per-
spective view of a measurement system. The X-ray diffrac-
tion apparatus 100 is an apparatus which irradiates a sample
S with an X-ray and performs frame photographing in each
angle range. The X-ray diffraction apparatus 100 includes an
X-ray irradiation section 110, a sample support section 120, a
detector 130, a computer 140, and a controller 150.

The X-ray irradiation section 110 collimates a character-
istic X-ray (incident X-ray) narrowly and irradiates the
sample S. The X-ray irradiation section 110 is not moved but
fixed in the present embodiment. An Mo target or the like is
used for an X-ray source. Further, a monochrometer is dis-
posed and the X-ray is converted into a single line ray of Ka.
line. The X-ray irradiation section 110 includes a shutter, and
opens or closes the shutter on receiving a shutter opening and
closing signal from the controller 150 at the start or the end of
scanning. Here, the scanning means measurement in which
the X-ray incident direction is moved at a constant speed
across a target angle range and frame photographing is per-
formed for each of certain angle steps. Further, the frame
photographing means a photographing which integrates
frame data detected by one shot.

The sample support section 120 includes a stage where the
sample S of a single crystal can be disposed, and can adjust
the % and ¢ rotation positions and the x, y, and z positions of
the sample S. Further, a goniometer can drive the sample
support section 120 in the w direction (rotation direction
around the Z-axis) on receiving a drive signal from the con-
troller 150.

The detector 130 is a pixel type semiconductor detector
capable of shutter-less photographing which makes shutter
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control unnecessary, and the detector 130 is disposed capable
of driving in a diffraction angle (20) direction (rotation direc-
tion around the Z-axis). The detector 130 receives a goniom-
eter synchronization signal from the controller 150 and
enable the frame photographing in synchronization with the
rotation of the sample support section 120.

The computer 140 mounts a CPU and a memory, and
executes a program which controls the measurement system.
A personal computer is used for the computer 140, for
example. The computer 140 includes a control section 141, a
data acquisition section 142, an image analysis section 143,
and a determination section 147. Further, the image analysis
section 143 includes an exposure time calculation section
144, a coefficient calculation section 145, and a frame inte-
gration section 146.

The control section 141 controls the frame photographing
in each angle range by moving the sample support section 120
and the detector 130 to perform the scanning without closing
the shutter. In this manner, the scanning without closing the
shutter enables highly efficient photographing.

Further, the control section 141 controls so as to finish the
measurement when the integrated detection data has a suffi-
cient X-ray intensity and so as to perform the scanning again
when the integrated detection data does not have a sufficient
intensity, according to a determination result of the determi-
nation section 147. Thereby, when the intensity is insufficient,
it is possible to proceed with the measurement by scanning
repeatedly and obtaining the integrated detection data. As a
result, it is possible to reduce the exposure time required for
the whole measurement and to improve efficiency of the
measurement.

The data acquisition section 142 takes into the computer
140 the detection data of each frame which has been detected
by the detector 130 in the frame photographing. The detection
data is image data expressing intensity distribution of pixels
in each frame.

The exposure time calculation section 144 calculates a
necessary total exposure time and an exposure time for the
next and succeeding scanning according to the detection data
acquired in the first scanning. Accordingly, the control sec-
tion 141 controls the next and succeeding scanning using the
calculated exposure time. Thereby, it is possible to optimize
the exposure time and to measure the intensity of the detec-
tion data necessary for the analysis in a minimum time.

The coefficient calculation section 145 calculates the pre-
determined coefficient (multiplication value n) according to
the acquired detection data, after the scanning has been per-
formed for the first time. Thereby, it is possible to calculate
the optimal coefficient for reducing an error. Note that the
detail of an embodiment using the coefficient will be
described below.

The frame integration section 146 integrates the detection
data of each frame which has been acquired by the scanning,
for each frame. The frame integration section 146 corrects the
acquired detection data at each pixel in each frame and inte-
grates the value of the corrected detection data after rounding-
off. For example, when the integrated intensity is not suffi-
cient in the first scanning, the second scanning is performed,
and the frame data of each angle range in the first scanning
and the frame data detected for the same angle range in the
second scanning are integrated with each other.

The determination section 147 determines whether the
integrated detection data has a sufficient intensity or not.
Specifically, whether it has a sufficient intensity or not is
determined depending on whether or not the average intensity
value of the integrated detection data is a predetermined ref-
erence value or more. For the intensity to be determined, it is
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6

preferable to obtain the average value of pixel intensities in
each frame. Here, the predetermined reference value is a
value which is determined empirically and preferably set in
advance. By such determination, it is possible to repeat the
scanning as required and it becomes unnecessary to perform
the scanning again from the start, which leads to reduction of
the measurement time.

(Operation of the X-Ray Diffraction Apparatus)

The operation of the X-ray diffraction apparatus 100 con-
figured as above will be explained. FIG. 3 is a flowchart
showing the operation of the X-ray diffraction apparatus 100.
Further, FIG. 4 is a diagram showing a measurement
sequence for several frames. Moreover, FIG. 5 is a diagram
showing an example of a measurement sequence up to the
n-th scanning. Here, the period shown in FIG. 4 as “exposure
time” corresponds to one frame photographing. DET trig in
FIG. 4 is a trigger signal for starting detection in the detector
130, and DET Readout is a signal for starting readout opera-
tion of the detector 130.

First, the goniometer is driven and the sample S and the
detector 130 are moved to a scanning start position (step S1),
and the scan measurement is started (step S2). At this time, the
frame photographing is performed continuously by the scan-
ning without closing the shutter. Then, the frame intensity of
the same diffraction angle is integrated (step S3). Note that, in
the first scanning, while substantially the detection data is
obtained just by the scan, this could be also understood as the
detection data is integrated with zero intensity. In the example
shown in FIG. 5, 26 is changed from O to 180 degrees for one
scan.

Next, the computer 140 acquires the detection data of each
frame which has been integrated in the same frame by the
detector 130. Then, the detection data acquired in each scan-
ning is corrected at each pixel, and the corrected detection
data is integrated for each frame.

The detection data integrated in this manner is data-pro-
cessed, and an average pixel intensity value is calculated for
each frame (step S4). Then, it is determined whether the
diffraction intensity is sufficient or not, by determining
whether or not the average intensity value is a predetermined
reference value or more (step S5).

When the integrated detection data has a sufficient inten-
sity, the measurement is finished, and, when the integrated
detection data does not have a sufficient intensity, the mea-
surement is returned to step S1 and the scanning is performed
again. In the example of sequence shown in FIG. 5, repeated
scanning is performed up to the n-th time. By such control, it
is possible to optimize the whole exposure time across the
measurement and to improve efficiency of the measurement.
Note that it is possible to realize the above operation by
causing the computer 140 to execute a program.

Second Embodiment
Method of Reducing Rounding-Off Effect

In the processing of the detection data, rounding-off (ap-
proximation) of a numerical value is performed according to
any rule such as rounding halfup, rounding down, and round-
ing up, and the detection data is corrected at each pixel and the
rounded value is integrated as it is, in the above embodiment.
For this operation, it is preferable to multiply the detection
data with a predetermined coefficient before the rounding-
off.

In the present embodiment, the frame integration section
146 corrects the acquired detection data at each pixel in each
frame, multiplies the corrected detection data with the prede-
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termined coefficient, and integrates the obtained value after
rounding-off. Thereby, it is possible to reduce an error propa-
gating through the detection data calculation process. Note
that the multiplication of the detection data with the coeffi-
cient is not necessarily performed by the frame integration
section 146 but may be performed in the detector 130.

(Operation of the X-Ray Diffraction Apparatus)

When the detection data is multiplied with the coefficient,
it is preferable to determine the coefficient and the exposure
time of one frame in the first scanning. FIG. 6 is a flowchart
showing the operation of the X-ray diffraction apparatus 100.

As shown in FIG. 6, first, the X-ray diffraction apparatus
100 drives the goniometer to move the sample S and the
detector 130 to a start point of the scanning (step T1), and
starts the first scanning (step T2). Then, the X-ray diffraction
apparatus 100 processes the detection data obtained in the
first scanning, calculates the average intensity and the stan-
dard deviation (o) of pixels in each frame (step T3), deter-
mines the exposure time and the coefficient (multiplication
value n) from the obtained average intensity and the standard
deviation (step T4).

Next, the X-ray diffraction apparatus 100 drives the goni-
ometer to move the sample S and the detector 130 to the start
point of the scanning (step T5). Then, the scanning is per-
formed using the calculated exposure time (step 16). The
detection data is corrected, multiplied with the coefficient,
and integrated for the frame of the same diffraction angle
(step T7), and the average value for the pixels is calculated
from the integrated detection data (step T8). Then, it is deter-
mined whether the diffraction intensity is sufficient or not,
using the average value (step T9). When the diffraction inten-
sity is not sufficient, the measurement is returned to step T5
and the scanning is performed again, and, when the diffrac-
tion intensity is sufficient, the measurement is finished.

Example

X-ray diffraction measurement of a single crystal sample
was performed by the above method as shown in FIG. 6, for
exposure times of 16 sec and 8 sec. Then, the average inten-
sity, R1, Rmerge, and R were obtained with respect to the
coefficient for the detection data in each measurement. Each
of R1, Rmerge, and R is an index showing accuracy of the
intensity value, Rmerge shows an intensity error of equivalent
reflectance for the measurement data, and each of R and R1
shows an error between a measured value and a theoretical
value of a structure analysis result. FIG. 7 is a diagram show-
ing the average intensity, R1, Rmerge, and R of the detection
data with respect to the coefficient n for an exposure time of
16 sec. F1G. 8 is a diagram showing the average intensity, R1,
Rmerge, and R of the detection data with respect to the coef-
ficient n for an exposure time of 8 sec. In either case of FIG.
7 and FIG. 8, Rmerge becomes smaller as the coefficient is
increased in a range of the coefficient n from 1 to around 128.
Further, R also tends to become slightly smaller.

FIG. 9 is a table showing a relationship between the expo-
sure time and Rmerge and R. As shown in FIG. 9, when the
exposure time is set to 16 sec, R decreased to have a small
value as a value less than 3% for either coefficient n of 50 and
32. Further, also when the exposure time is set to 8 sec, R
decreased to have a small value as a value in the order of 3%
for a coefficient n of 64. From such results, it has been verified
that, also when the diffraction intensity is measured effi-
ciently, it is possible to reduce R by setting the coefficient nto
an appropriate value according to the exposure time.

40

45

50
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What is claimed is:

1. An X-ray diffraction apparatus with a shutter which
irradiates a sample with an X-ray and performs frame photo-
graphing in each rotation angle range, comprising: a control
section controlling the frame photographing in each rotation
angle range by scanning without closing the shutter of the
x-ray diffraction apparatus; a data acquisition section acquir-
ing detection data of each frame which has been detected by
a semiconductor pixel detector in the frame photographing; a
frame integration section integrating the detection data
acquired in each the scanning for the same frame; and a
determination section determining whether the integrated
detection data has a sufficient intensity or not, wherein the
control section controls so as to finish measurement when the
integrated detection data has a sufficient intensity and so as to
perform scanning again when the integrated detection data
does not have a sufficient intensity.

2. The X-ray diffraction apparatus according to claim 1,
further comprising

an exposure time calculation section calculating a neces-

sary total exposure time and an exposure time in the next
and succeeding scanning according to the acquired
detection data, after the scanning has been performed for
the first time, wherein

the control section controls the next and succeeding scan-

ning using the calculated exposure time.

3. The X-ray diffraction apparatus according to claim 1,
wherein

the frame integration section corrects the acquired detec-

tion data at each pixel for each frame, multiplies the
corrected detection data with a predetermined coeffi-
cient, and integrates the multiplied value after rounding-
off.

4. The X-ray diffraction apparatus according to claim 3,
further comprising

a coefficient calculation section calculating the predeter-

mined coefficient according to the acquired detection
data, after the scanning has been performed for the first
time.

5. An X-ray diffraction measuring method utilizing a shut-
ter which irradiates a sample with an X-ray and performs
frame photographing in each rotation angle range, compris-
ing the steps of: controlling the frame photographing in each
rotation angle range by scanning without closing the shutter;
acquiring detection data of each frame which has been
detected by a semiconductor pixel detector in the frame pho-
tographing; correcting the detection data acquired in each the
scanning at each pixel, and integrating the corrected detection
data for each frame; determining whether the integrated
detection data has a sufficient intensity or not; and controlling
so as to finish measurement when the integrated detection
data has a sufficient intensity and so as to perform the scan-
ning again when the integrated detection data does not have a
sufficient intensity.

6. A computer-readable non-transitory recording medium
recording a control program which controls irradiation of a
sample, utilizing a shutter, with an X-ray and controls X-ray
diffraction measurement using data obtained by frame pho-
tographing in each rotation angle range, the control program
causing a computer to execute processing comprising: con-
trolling the frame photographing in each rotation angle range
by performing scanning without closing the shutter; acquir-
ing detection data of each frame which has been detected by
a semiconductor pixel detector in the frame photographing;
correcting the detection data acquired in each the scanning at
each pixel and integrating the corrected detection data for
each frame, determining whether the integrated detection
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data has a sufficient intensity or not, and controlling so as to
finish measurement when the integrated detection data has a
sufficient intensity and so as to perform the scanning again
when the integrated detection data does not have a sufficient
intensity. 5
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